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ABSTRACT 
OCCURRENCE OF MAJOR OZONE EPISODES AND THEIR TIME-SERIES 
TRENDS OVER THE PAST DECADE IN NEW ENGLAND 
by 
Tzu-Ling Lai 
University of New Hampshire, December, 2011 
The purpose of this dissertation was to examin the influence of meteorology on 
ozone (O3) magnitudes and variations over the past decade in the New England area. The 
major results are summarized as follows. First, the highest O3 episodes were driven by 
multi-scale processes, and the regional/local scale processes controlled the magnitude and 
timing of the local pollution episodes. For instance, the highest episode on 14 August 
2002 at Thompson Farm (TF) was under a stagnant synoptic high-pressure which resulted 
in accumulation of pollutants in the boundary layer. Ozone mixing ratios in the 2002 
episode showed continual high values (>100 ppbv) at the beginning of the episode, and 
reached 151 ppbv on August 14. At the same time, the mesoscale low-level-jet (LLJ) 
played an important role in transporting air masses from the polluted Mid-Atlantic areas 
to the Northeast. Local land-sea-breeze circulations also added to the impact on this 
episode. Another highest O3 event on 22 July 2004 at Castle Springs (CS) was driven by 
two mechanisms, stratospheric intrusion and the Appalachian lee trough (APLT), which 
was not found during other O3 episodes at the site in the decade long data record. Second, 
x 
decadal O3 trends revealed that daytime O3 mixing ratios increased by -0.9 ppbv per year 
in spring and by ~0.8 ppbv per year in winter, while it decreased by -0.2 ppbv per year in 
summer. The increasing O3 values in spring and winter coincided with warmer 
temperatures which increased +2.8 (°F/decade) in spring and +0.6 (°F/decade) in winter 
in New Hampshire (NH). Furthermore, trends in low-, medium-, and the daily maximum 
of O3 were increasing in both spring and winter with rates between 0.3 to 1.1 ppb per 
year. Summertime O3 trends either decreased or did not have significant changes. The 
decreasing summer O3 trends coincided with a weakening of the Bermuda High. Overall, 
average O3 exhibited higher O3 mixing ratios in spring than in other seasons. However, 
the highest episodes occurred in summer. Average diurnal patterns indicated that O3 was 
reduced to its lowest mixing ratios in summer during nighttime, with the strongest O3 




Ozone is one of the six criteria pollutants and also the most common health threat 
across the United States according to the Environmental Protection Agency (EPA). Many 
urban and rural areas throughout the United States are facing the problem of high O3 
pollution. Ozone formation is dependent on a series of complex chemical reactions with 
nitrogen oxides (NOx) and volatile organic compounds (VOCs), and is also sensitive to 
meteorological conditions, such as solar radiation, temperature, and wind speed/direction. 
Previous studies of elevated O3 episodes have shown that the spatial and temporal 
variations of O3 in the eastern United States encompass various scales of air circulation 
and topographic influence [Merrill et al., 1996; Seaman et al., 2000; Fischer et al., 2004]. 
The complex topography in this area combines the Appalachian Mountains extending in a 
southwest-northeast orientation along the coastline, with the Atlantic Ocean to the east. 
The narrow band between the mountains and ocean favors formation of channeled flow, 
which moves air masses in a fast pace in a southwest to northeast direction. This high-
speed channeled flow can transport air masses quickly and affect air quality in downwind 
areas. Research demonstrated the correlation between this channeled effect with elevated 
O3 either by obsertational study or by model simulations [Banta et al., 1998; Gaza, 1998; 
Seaman et al., 2000; Mao and Talbot, 2004]. Furthermore, on the eastern side of New 
England is a cool oceanic area of the Gulf of Maine, which provides a calm, stable, and 
less turbulent layer as the lower boundary, and also plays an important factor in 
1 
transporting air through the land-sea circulations [Gaza, 1998; Miller, 2002; Angevine, 
2004]. 
Numerous studies have reported widespread O3 episodes during the summertime 
across the eastern United States [Vukovich et al., 1977, 1999; Ryan 1995; Sistla et al, 
2001]. During the summertime, meteorological systems in the eastern U.S. are dominated 
by the strength of high-pressure systems and the frequency of passing cold fronts. In 
summary, the location, movement, and lifetimes of synoptic systems greatly influence 
pollution levels and air circulations throughout the region. Thus, a common characteristic 
of many elevated O3 episodes in the eastern U.S is the presence of a high-pressure system 
moving slowly from the Midwest to the Mid-Atlantic States [Wolff et al., 1977; 
Vukovich et al., 1977, 1994,1995; Ryan 1995, 1998; Valente et al., 1998; Zhang et al., 
1998; Berman et al., 1999; Mao and Talbot, 2004; Hegarty et al., 2007]. A number of 
studies also emphasized that regional /or local smaller meteorological scales control the 
magnitude and the timing of the local pollution episodes individually [Banta et al., 1998; 
Gaza, 1998; Seaman et al., 2000; Mao and Talbot, 2004]. Air quality in the continental 
and marine environments of New England is highly dependent on meteorological 
conditions that not only influence photochemical and ventilation processes, but also 
transport patterns in this region. Thus, the first work in this dissertation is to address the 
mechanisms driving the two highest O3 episodes in this region. This work had been 
submitted to the journal Atmosphere in September 2011. 
The later study focuses on investigation of O3 and environmental variations over 
the decadal observations in the rural sites of New Hampshire. Changes in the climatic 
factors affact air quality in disturbing the physical processes and chemical reactions. For 
2 
instance, Murazaki (2006) mentioned that when temperature increases, more 
peroxyacetyl nitrate (PAN) would be decomposed and produce more NOx (NO + NO2). 
Then more O3 will form due to the more NOx production. Commonly, when the climate 
change increases temperature, it tends to enhance biogenic emission, such as isoprene, 
which could increase O3 formation. Moreover, the meteorological patterns, such as 
synoptic low- and high-pressure systems, exert a crutial impact on ground-level O3 
mixing ratios. In general, the conditions under the warm temperature, strong sunlight, 
high O3 precursors (NOx and nonmethane hydrocarbons ), will all tend to increase the O3 
production in remote areas. 
Studies have demonstrated the correlations between O3 trends and climate 
changes all over the world for several decades and agreed that O3 is particularly sensitive 
to temperature variations [Cox and Chu, 1996; Hogrefe et al., 2004; Murazaki and Hess, 
2006; Bell et al., 2007; Jacob and Winner, 2009]. They suggested the increase in surface 
O3 mixing ratios over continents during summertime was largely driven by increased 
temperature and decreased ventilation. 
Most of the previous air quality and climate change studies were focused on 
metropolitan or industrialized areas. Few of them were associated with the impacts and 
variations in rural locations [Monks et al., 2009]. In the rural areas of New England, air 
quality is strong depended on air circulation and meteorological conditions. Thus, my 
second study focused on examining O3 trends and the environmental variations over the 
past decade in this region. Trend evaluations characterized seasonal and diurnal 
variations in O3 mixing ratios. Environmental factors, such as temperature, precipitation, 
3 
and synoptic pattern trends were used in my analysis. I plan to submit this manuscript to 
the journal Atmospheric Chemistry and Physics in the near future. 
The following are the principle objectives in this dissertation: 
Objective I: Examining two of the highest O3 events over AIRMAP entire 
observations. Discussing the mechanisms resulted in these two episodes. 
Objective II: Analyzing O3 trends in diurnal and seasonal frame in the past decade. 
The structure of this dissertation includes two chapters. Chapter II presents the 
impacts of multi-scales meteorological systems to dominate O3 mixing ratios in the 
Northeast United States. Chapter III examined distinct O3 trends in the ten-year AIRMAP 
records for New England. 
4 
Chapter II. 
An Investigation of Two Highest Ozone Episodes During The Last 
Decade in New England 
1. Introduction 
Ground-level ozone (O3) formation is dependent on a series of complex chemical 
reactions with nitrogen oxides (NOx) and volatile organic compounds (VOCs), and is 
also sensitive to meteorological conditions, such as solar radiation, temperature, and wind 
speed/direction. Tropospheric O3 is one of the six criteria pollutants, defined by 
Environmental Protection Agency (EPA), and it is considered harmful to plants and 
human health. To strengthen the protection of public health and welfare, EPA has 
proposed the latest 8-hour primary O3 standard and lowered it from 80 ppbv down to 75 
ppbv. 
Many urban and rural areas throughout the United States are plagued by high 
levels of O3. Numerous studies have reported widespread O3 episodes during the 
summertime across the eastern United States [Vukovich et al., 1977 and 1999; Ryan 
1995; Sistla et al., 2001]. Previous studies of elevated O3 episodes have shown that the 
spatial and temporal patterns of O3 in the eastern United States encompass various scales 
of air circulation and topographic influence [Merrill et al., 1996; Seaman et al., 2000; 
Fischer et al., 2004]. On the synoptic scale, studies have demonstrated that a common 
5 
characteristic of many elevated O3 events in the eastern U.S. was the presence of a slow 
moving high-pressure system [Vukovich et al., 1977, 1994 and 1995; Wolff et al., 1977; 
Ryan 1995; Ryan et al, 1998; Valente et al., 1998; Zhang et al., 1998; Berman et al., 
1999; Mao et al., 2004; Hegarty et al., 2007]. The weather under high-pressure systems is 
typically clear skies, high temperatures, and the stable meteorological conditions, which 
promotes O3 formation and also tends to trap pollutants within the boundary layer 
[Vukovich 1979; Vukovich et al., 1977; Wolff et al, 1977; Wolff and Lioy, 1980; King 
et al., 1982; Vukovich and Sherwell, 2003]. In the Northeastern rural areas where less 
anthropogenic sources are present, an important source of pollutions is the southwesterly 
flow associated with the anticyclone flow of a high-pressure system bringing pollutants 
from upwind industrial areas to this region [Mao and Talbot, 2004]. 
Another synoptic mechanism is stratospheric subsidence. Some studies have 
found that several high O3 events during summertime were dramatically influenced by 
injection of 03-rich stratospheric air. Occurrence of stratospheric subsidence is most 
frequent in spring. However, recent studies found that it also occurs in summer, which 
dramatically enhances tropospheric O3 levels [Parrish et al., 1993; Dickerson et al., 
1995; Moody et al., 1995 and 1996; Merrill et al., 1996; Oltmans et al., 1996; Thompson 
et al., 2007a]. The identification of stratospheric injections relies directly on vertical 
sounding measurements and aircraft observations, or indirectly on model simulations. 
The work most relevant to this mechanism is the Intercontinental Transport Experiment 
(INTEX) Ozonesonde Network Study in 2004 (IONS-04) [Thompson et al., 2007a and 
2007b], which launched nearly 300 O3 soundings during July and August at eleven sites 
in North America. Several studies have analyzed the IONS-04 data for the tropospheric 
6 
budget of O3, and also examined interaction between impacts of the stratospheric 
intrusion on tropospheric composition in areas of Canada, Europe, and the U.S. [Cooper 
et al, 2006 and 2007; Morris et al., 2006; Singh et al., 2006; Thompson et al., 2007a and 
2007b; Tarasick et al., 2007; Pierce et al., 2007; Pfister etal., 2008]. In the eastern U.S., 
the contribution of stratospheric subsidence to the tropospheric O3 budget in summer 
2004 was around 23 ± 3% [Thompson et al., 2007a and 2007b]. 
In general, synoptic systems dominate the distributions of O3 patterns and affect 
the intensity and duration of O3 episodes over the eastern U.S.; regional or local smaller 
meteorological scales control the magnitude and timing of pollution episodes individually 
[Zhang et al., 1998; Seaman et al., 2000]. One of the significant regional scale transport 
mechanisms influencing New England air quality is the nocturnal low-level-jet (LLJ). 
Many studies have focused on the correlation between the LLJ and air quality in the 
eastern United States [Parish et al., 1988; Whiteman et al, 1997; Banta et al., 1998; 
Zhang and Rao, 1999; Seaman et al., 2000; Zhang et al., 2001; Salmond et al., 2002; Mao 
and Talbot, 2004; Zhang D.L. et al., 2006]. For instance, Banta et al., [1998] 
demonstrated that the high O3 events in rural areas were often caused by the nighttime 
transport and subsequent daytime downward mixing processes. Seaman et al [2000] 
presented a case study of 14-15 July 1995 being contributed by LLJ transport under weak 
synoptic forcing. Mao and Talbot [2004] speculated that the LLJ transported O3- and O3 
precursor-rich air masses overnight from the northeast urban corridor to New England in 
the residual layer, which were brought down to the surface during the day. 
Another well-known regional scale transport mechanism is the Appalachian lee 
trough (APLT). In an earlier study, Pagnotti [1987] found that the APLT was associated 
7 
with around 70% of the high O3 cases in the Mid-Atlantic States. Model simulations by 
Seaman [2000] suggested that APLT favored accumulation of pollutants on the eastern 
side of the trough, causing elevated O3 along the Northeastern urban corridor, and 
associated upward flows lifted pollutants from surface. Gaza [1998] and Kleinman et al. 
[2004] also demonstrated the role of APLT in occurrence of high O3 days in the 
northeastern urban corridor using a combination of measurement data and backward 
trajectories. The model results from Mao and Talbot [2004] demonstrated that APLT 
facilitated effectively the transport of 03-rich air masses to inland locations in southern 
New Hampshire. 
Along the coastal regions of Massachusetts (MA), New Hampshire (NH), and 
Maine (ME) a local scale of land-sea circulations commonly develops and impacts air 
quality during summertime [Zhong and Takle, 1993; Simpson, 1994 and 1996; Gaza, 
1998; Seaman et al., 2000; Miller et al., 2003; Angevine et al., 2004; Mao and Talbot, 
2004]. Coastal New England can receive pollutants which are transported from upwind 
polluted areas around 50-500 km distances away and cause O3 to exceed national air 
quality standards [Angevine et al., 2004]. During the past few decades, studies have 
demonstrated many elevated O3 episodes resulting from sea breeze circulations. For 
example, Gaza [1998] concluded that the sea breeze was an important factor in the 4 July 
1995 tropospheric O3 pollution event in southern New England and New York State. 
Another high O3 case associated with the sea breeze was identified on 12-16 July 1995 in 
the northeastern United States by Zhang et al. [1998], Mao and Talbot [2004] found that 
surface O3 mixing ratios greater than 90 ppbv at Rye, NH during 1 May to 3 November 
2001 were coincided with occurrence of the sea breeze. 
8 
New Hampshire is located in the downwind region of these transport pathways 
that usually pass through metropolitan/industrial areas in the eastern United States. As a 
result, the air quality in rural areas of NH is not only dependent on its local pollutant 
production, but also is highly affected by the different transport pathways from other 
source regions. The AIRMAP program has nearly a decade of chemical compound 
records and meteorological data at several sites (http://airmap.unh.edu/) for studying air 
quality and climate change in the New England region. The focus of this study was to 
examine the two highest O3 episodes over the past decade captured in the AIRMAP 
measurements. Thompson Farm (TF) had a continual 4-days of high O3 (>100 ppbv) 
from 11 to 14 August 2002 with 1-hour-daily maximum O3 values increasing from 100 
ppbv on August 11 to 151 ppbv on August 14. In 2004, Castle Springs (CS) had one day 
of high O3 (>100 ppbv) on July 22. Although these events resulted in the highest O3 
mixing ratios at these sites during the last decade, the dominant meteorological 
conditions were quite different. The meteorological conditions during these two event 
periods were reported by NOAA National Climate Data as climate extremes with an 
unusually hot and dry period in 2002, and a cool and wet time frame in 2004. In this 
study, we investigated associated meteorology and chemistry using a synthesis of 
measurement data from AIRMAP and other sources in addition to meteorological 
reanalysis data. 
2 Data sources 
Two O3 events were obtained from AIRMAP which has been conducting 
atmospheric chemistry measurements on a continuous year-round with 1-min time 
resolution since April 2001 (Data are available at http://airmap.unh.edu/). Detailed 
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information on the AIRMAP measurements was described by Mao and Talbot [2004] and 
Talbot et al. [2005]. In this study, for O3, carbon monoxide (CO) and total reactive 
nitrogen (NOy) mixing ratios were averaged to obtain five-minute average data. TF 
(Figure 1.1 in red location) is located in southeastern NH, 20 km inland (43.11° N, 
70.95° W), at 24 m above sea level. CA (43.75° N, 71.35° W) is located 78 km north 
of TF at 406 m elevation (Figure 1.1 in red location). Ozone measurements reported as 
hourly averages in other regions of the United States were obtained from EPA AIRNOW. 
Figure 1.1. Observation locations. AIRMAP sites are in red; Plymouth State Weather 
Center sites are in blue; radar wind observation sites are in dark yellow; and IONS-04 
sites are in green. 
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The vertical O3 profiles in 2004 were obtained from IONS-04. Data can be 
accessed from their website at http://croc.gsfc.nasa.gov/intex/ions.html. Three launching 
locations (Wallops, Virginia; Narragansett, Rhode Island; and the NOAA ship Ronald 
Brown in the Gulf of Maine) are used in this study, which are indicated in the green 
locations of Figure 1.1. Detailed information on the IONS-04 mission can be found in the 
studies of Cooper et al. [2006], Thompson et al. [2007a and b], and Tarasick et al. [2007]. 
Volatile organic compounds (VOCs) in this study were collected at TF from July 
to mid-August every 40 minutes. Details about the VOCs sampling and analysis are 
described in Sive et al. [2005], Zhou et al. [2005 and 2008], and White et al. [2008]. 
Daily meteorological patterns were identified using l°xl° meteorology data from 
National Centers for Environmental Prediction (NCEP) Global Final Analysis (FNL) 
(http://dss.ucar.edu/datasets/ds083.2). Analysis potential vorticity was performed to 
identify stratospheric intrusions using the 2.5°x2.5° dataset from NCAR/NCEP 
(http://dss.ucar.edu/datasets/ds090.0). Skew-T and vertical potential temperature (9, K) 
at our observational sites were provided by Plymouth State Weather Center 
(http://vortex.plymouth.edu/). Wind directions and speeds were obtained from NOAA 
radar wind observations together with local environment observatories at AIRMAP and 
surface data from the Plymouth State Weather Center. 
3 Results and Discussion 
3.1 2002 Case 
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During this episode O3 mixing ratios at TF reached 151 ppbv on August 14, 2002, 
which was the highest level observed during the ten years of AIRMAP observations from 
2001 to 2010 (Table 1.1). In fact, the EPA AIRNOW records and NH State data show 
that O3 had not peaked this high in New England since the late 1980's. Other AIRMAP 
measurement sites in the Northeast also exhibited coincidently high O3, such as at CS (88 
ppbv) and on Appledore Island in the Gulf of Maine (154 ppbv). In the following sections 
we focus on the meteorological conditions and the air mass transport mechanisms which 
shaped this extremely high O3 episode at TF. 
Table 1.1. The highest O3 mixing ratio in summers from 2001 to 2010 at TF 











Ozone Max During June~September 
TF 
100 (6/20, 0-3UTC) 
151 (8/14.21UTC) 
137 (6/27, 18UTC) 
117 (7/22, 18UTC) 
108 (9/14.20UTC) 
98 (7/17,21UTC) 
113 (8/30, 19UTC) 
106 (7/18.20UTC) 
84 (5/22, 17UTC) 
86 (7/28, 23UTC) 
CS 
82 (8/20, 8UTC) 
88 (8/15, 3UTC) 
90(7/31,00UTC) 
111 (7/22 22UTC) 
92 (6/10 4UTC) 
81 (7/26, 2UTC) 
84 (9/8,2UTC) 
3.1.1 Synoptic Analysis 
The meteorological conditions during the August 2002 episode were illustrated 
using the NCEP l°xl° meteorological reanalysis data 
(http://dss.ucar.edu/datasets/ds083.2). Meteorology in August 2002 was characterized by 
dry weather and high temperatures. The NOAA Climate Prediction Center reported that 
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the weekly temperature average for 1 l-17August 2002 in the Northeast was +5 to +8.3°C 
higher than the 30 year average for the same week over 1961-1990. A steady high (H)-
pressure system was positioned over the eastern U.S. coastline, as demonstrated by the 5-
day (August 10 - 15) average geopotential height at 500 hPa and 950 hPa (Figure 1.2). 
At 950 hPa on August 10 an H-pressure centered over the eastern coastline and its range 
covered most of the coastal northeast urban corridor extending from southwest to 
northeast. From August 11 to 13, the H-pressure system moved slightly southward along 
an eastward approaching trough with its influence remaining over the eastern coastline. 
Circulation of the inland H-pressure inter-connected on August 13 with the oceanic 
Bermuda H-pressure system which was located offshore of South and North Carolina (SC 
and NC). Meanwhile, the center of the inland H-pressure extended a ridge from West 
Virginia (WV), to Pennsylvania (PA), New York (NY), Vermont (VT), and NH. At this 
time, the northeast urban corridor was on the east side of the ridge, and this area 
experienced subsidence flow. On August 14 the center of the inland H-pressure moved 
eastward off the continent and merged with the oceanic Bermuda H-pressure system. 
Strong southwesterly flow dominated the eastern coastline, which was caused by the 
large pressure gradient formed by the eastward approaching trough and the westward 
extending oceanic H-pressure system. 
During August 10 -14, a stable and deep boundary layer was shown in the 
regional potential temperature (6) profiles from sounding data collected at KALB 
(Albany County, NY, (42.75°N, -73.80°W)), KOKX (Upton, NY, (40.87°N, -72.87°W)), 
and KCHH (Chatham, MA, (41.7°N, -69.9°W)), KIAD (VA, (38.95°N, -77.45°W)), and 
KGYX (Gray, ME, (43.90°N, -70.25°W)) (listed in the blue locations in Figure 1.1), 
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obtained from Plymouth State Weather Center: http://vortex.plymouth.edu/. The 9-
profile is provided for one or two days before the episode date depending on the 
availability of sounding data. The boundary layer height at KIAD (Figure 1.3) was 
around 2.5-3 km at 12 UTC. There is a stable nocturnal boundary layer from the surface 
to near 500 m, and a mixed layer from 500 m to 2500-3000 m during August 9 to 14. 
Similar sounding results showed at other locations as well. Moreover, satellite images 
showed clear sky over the east coast due to the subsidence flow of the H-pressure system 
(http://vortex.plymouth.edu/sat-u.html). Under conditions of clear skies, high 
temperatures, light winds, and subsidence flow on the synoptic scale, the region 
experienced a build up of pollutants. The CS site, at 400 m elevation is above the 
nocturnal inversion [Talbot et al., 2005], and provides information on the regional 
buildup of O3 in the remnant boundary layer. Ozone mixing ratios averaged over the 
nighttime period of 0000 - 1100 UTC for non-episode days in August 2002 ranged from 
20 to 40 ppbv. However, during the episode (August 11 - 14) values were 60-80 ppbv 
(Figure 1.4), indicative of regional build-up of O3. 
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Figure 1.2. NCEP l°xl° geopotential height in 5-days average in 2002 (left) and 
2004 (right) at 500 hPa (top) and 950 hPa (bottom). Shaded interval is 10 hPa. 
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Figure 1.3. Potential temperature (Theda: 9) vertical profile at KIAD from 9-16 
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We also examined the EPA hourly O3 observations across the eastern U.S. during 
August 10 - 14, and these are shown in Figure 1.5. It is apparent that O3 mixing ratios 
were rising every day at most measurement sites. Elevated O3 (128 - 144 ppbv) first 
appeared around the Great Lakes and in New Jersey (NJ). Then from August 10 to 13 the 
high O3 area moved eastward. This seemed to be coincided with the moving track of the 
H-pressure. On August 14, the area of elevated O3 extended northward reaching northern 
New England. It should be noted that higher O3 values (>112 ppbv) persisted from 
August 10 through August 14 in the Mid-Atlantic States which were consistently under 
the influence of H-pressure. Such simultaneous occurrence of H-pressure system and O3 
episodes were also documented for this region in earlier studies [Mao and Talbot, 2004; 
Hegarty et al., 2007]. 
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Figure 1.4. Ozone averages during nighttime (00-11UTC) during 1-31 August 
2002 at CS. The dotted line is the monthly-nighttime-average of August. 
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Figure 1.5. AIRNOW hourly ozone data on 10-14 August 2002 (top), and 18-22 
July 2004 (below). Values range is from 0 to 160-ppbv. The color interval is 16-
ppbv 
0.0 160 32.0 48.0 64.0 M.O *6.0 112.0 t26.0 U4jQ 160.0 
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Figure 1.6. (Top): The AO3 (left) and ACO (right) (A=actual observed data 
minus its summer average) at TF during 9-19 August 2002. (Below): The AO3 
(left) and ACO (right) at CS on July 18-26, 2004. 
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Changes in mixing ratios of other pollutants, such as CO and NOy, for the episode 
are presented in Figure 1.6 (2002 at TF) as deviation from their summer average values 
(denoted as ACO and ANOy, i.e. anomalies). The values of ACO showed positive 
anomalies from August 11 to 15 and the CO levels were more than 100 ppbv higher than 
the summertime average. On August 14 ACO was elevated up to -250 ppbv. Similar 
positive anomalies during the period of the event were also observed for O3 and NOy 
(Figure 1.6). The trends of these two pollutants during the episode again strongly suggest 
that the week-long calm weather and reduced ventilation caused a built up of pollution in 
the boundary layer. 
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3.1.2 Mesoscale Influence 
On meso-scale the low-level jet (LLJ), sea breeze circulation, and APLT were 
also identified in previous studies as efficient transport mechanisms to elevate O3 along 
the Northeastern coastline [Gaza, 1998; Zhang and Rao 1998; Berman et al., 1999; 
Zhang et al., 2001; Kleinman, 2004; Mao and Talbot, 2004;]. The structure of the LLJ is 
shown on a geographic map (Figure 1.7) with cross-sections of vertical wind profiles 
from the NOAA radar wind observations (Figure 1.8) located at New Brunswick, NJ 
(40.5°N, -74.45°W) (RUT), Pease, NH (43.09°N, -70.83°W) (PSE), and Stow, MA 
(42.5°N, -71.3°W) (STW). The geographic map with streamlines from NCEP l°xl° 
meteorology data demonstrates southwesterly flow along the eastern coastline toward NH 
at night during the event (here we presented the streamline map on August 12 in Figure 
Figure 1.7. The NCEP l°xl° data of streamline at 975mb on 12, August, 2002 at 
06UTC. 
2002081206 975mb streamline 
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1.7). Meanwhile, the vertical wind profiles from radar observations (Figure 1.8) showed 
strong southwesterly winds on August 10 of 10-14 m/s and on August 11-13 up to -14 
m/s at late night and early morning hours at altitudes below 500 m. These meteorological 
patterns are characteristic of the nocturnal LLJ [Zhang et al., 2001; Mao and Talbot, 
2004]. 
In addition, to illustrate the influence of the LLJ transport to air quality, we 
examined variability in pollutants such as O3, CO, PM2.5 and NOy. Mao and Talbot 
[2004] pointed out that the average diurnal amplitude for CO is around 20 ppbv in rural 
New England. Moreover, the North East Oxidant and Particle Study (NEOPS) pointed 
out that the transport of air masses by the LLJ was usually associated with simultaneously 
high O3 and PM2.5 [NEOPS-DEP2002 Report: 
http://www.dep.state.pa.us/dep/deputate/airwaste/aq/aqm/docs/neops_report.pdf\. In this 
event, the averaged PM2.5 level at TF was - 32 ug/m3 compared to its summer average of 
-18 ug/m3, while the average O3 mxing ratio was 76 ppbv compared to its 2002 summer 
daytime average of-40 ppbv. The daily amplitudes of CO, PM2.5, and NOy mixing ratios 
were examined from 1600 UTC (local noon time) to 0400 UTC (local midnight) during 
August 10-14. It was found that CO mixing ratios rose from 146 at noontime on August 
10 to 310 ppbv at 0400 UTC on August 11, PM2.5 from 13 to 19 ug/m"3, and NOy from 
3.3 to 5.9 ppbv. These pollutants greatly exceeded their summer average values at 
midnight. During the episode there was consistently a stable nocturnal boundary layer, as 
identified in the 1200 UTC profiles at KIAD in Figure 1.3. The LLJ (Figure 1.7 and 1.8) 
was above the nocturnal boundary layer and the wind speed was sufficiently fast to 
transport polluted air overnight along the urban corridor toward northeasterly [Gaza 
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1998; Seaman 2000; Mao and Talbot, 2004], Then, when the nocturnal boundary layer 
was eroded by thermal and turbulent mixing after sunrise, remnant boundary layer air 
was mixed down to the surface [Talbot et al., 2005], elevated the mixing ratios of O3, CO, 
Figure 1.8. The radar wind observations at RUT, PSE, and STW. X-axis is observational 
date from August 9 to 16. Y-axis is height in kilometers. Wind vector was drawn when 
data was available. Shaded areas are wind speeds higher than 8 m/s in 2m/s interval. 
RUT(40.50 -74.45)2002 PSE(43.09 -70.83) 2002 
NOy, and PM2.5. Due to poor ventilation in the region resulting from the stagnant H-
pressure system, the effects of the LLJ nighttime transport and morning mixing down 
were accumulative during the episode leading to the increasing trends in nighttime 
mixing ratios and daily amplitudes of pollutants. 
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The other effective transport component of mesoscale systems in the Northeast is 
the sea breeze circulation. Previous studies demonstrated that the sea breeze is efficient 
in carrying polluted air from over the Gulf of Maine to the eastern coast of New England 
[Seaman 2000; Clark et al., 2003 and 2003; Mao and Talbot, 2004; Angevine et al., 2004]. 
The cold water of Gulf of Maine creates a stable and less turbulent surface, which 
confines air pollutants within this layer and allows pollutants to be transported directly 
from Boston to northern New England [Angevine et al., 2004]. Mao and Talbot [2004] 
found that the sea breeze could transport air pollutants that originated from Mid-Atlantic 
States to coastal areas of southern NH and ME. 
Figure 1.9. Surface winds (m/s) at 18Z on 14 August 2002 from Plymouth 
State Weather Center. 
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We examined the characteristics of the sea breeze circulation by analyzing 
horizontal meteorological patterns and local wind observations. Maps of surface wind at 
18Z every day during August 11 - 14 clearly showed a southeasterly wind direction (on-
shore winds) in the afternoon along the Northeast coast during the episode, and here we 
only show the map for August 14 (Figure 1.9) when the daily maximum O3 mixing ratio 
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reached the highest of the episode. Local winds observed at the Pease Air Base in NH 
and Boston, MA (in Figure 1.10 top panel) showed an off-shore wind (southwesterly) in 
the morning and then on-shore wind (southeasterly) in the afternoon with wind speed of 
-5 m/s. Observations at TF showed similar wind patterns (Figure 1.10 bottom panel). 
EPA AIRNOW O3 observations showed that O3 values were unusually high (>112 ppbv) 
along the Boston coastal areas from August 11 to 14. The off-shore winds could carry 
03-rich air masses from Boston, MA to the Gulf of Maine. Figure 1.11 presented the 
relation between O3 mixing ratios and wind directions at TF from August 10 to 14. 
Angular degrees in clockwise of 0° - 90° were northerly-to-easterly winds (I), 90° -
180° were easterly-to-southerly winds (in II area), 180° - 270° were southerly-to-
westerly winds (III), and 270° - 360° were westerly-to-northerly winds (IV). It showed 
that the majority of wind directions came from southwesterly and southeasterly (II and III) 
during the episode. Furthermore, when O3 > 120 ppbv were all from southeasterly (II). In 
addition, observations at Appledore Island (Figure 1.12) showed that in the 
afternoon/evening (1800-2300 UTC), the average winds were southeasterly, and 
corresponded to both elevated O3 and CO values. It is apparent that the sea breeze 
occurred along the New England coastal region during the episode and it was a very 
important transport mechanism for the occurrence of the August episode 
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Figure 1.10. (Top) Local hourly wind observations from 10, August to 14 August at 
KPSM and KBOS. X-axis is observational date from August 10 to 14. (Below) 
Hourly measurements at TF on 8/9-8/19 2002. Ozone is in green (use left axis), CO 
is in red (use right axis); and wind vector is in black (top line of the figure) 
K7>SM(4S 08.-70 82) KBOS (42 57,-71 02) 2002 uimd(ho-u.rly) 
, «^I /MMIS»^/ /M,«£ 
ooz 5H 535 iwpe mve 
2002 
o5f TB o$z i5z o$2 JH 
mvc mvc iuve 

















-—A.,.«^l-».,....tK. )M-^MjtM>MJi • ^nj 
2002 
! \ 
, ' / \ A1! 
'\ »\;i \/ 










— i — • — i — ' — l — • — 1 — ' — l — • — l — ' — l — ' — l — ' — i ' 
8/9 8/10 8/11 8/12 8/13 8/14 8/15 8/16 8/17 8/18 8/19 
24 
Figure 1.11. The observations of O3 and wind directions at TF from August 10 to 14. 
Radial scales present O3 mixing ratios from 0 to 160 ppbv, in 10 ppbv interval. Angular 
degrees in clockwise present wind directions. In degrees of 0° - 90° are northerly-to-
easterly winds (I), 90° -180° are easterly-to-southerly winds (II), 180° -270° are 
southerly-to-westerly winds (III), and 270° - 360° are westerly-to-northerly winds (TV). 
Figure 1.12. The observations of O3 (in green dot, in left-axis), CO (in read dot, in 
right-axis), and wind directions (in blue dot, in right-axis) during afternoon time 
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3.2 2004 Case 
The meteorological conditions in the Northeast during summer 2004 were 
dominated by wet weather with mild temperatures and frequent passage of frontal 
systems. NOAA National Climate Data Center records showed that the precipitation 
anomaly in the Northeast during the week of July 18 -July 24 was 140% to -200% 
higher than from the same week averaged over 1971-2000. Temperatures for the week 
averaged 21 - 27°C. Analysis of the 5-day average (July 18-22) geopotential height 
revealed an overall deep trough covering the middle and eastern U.S. at 500 hPa and 950 
hPa (Figure 1.2). Unlike summer 2002, summer 2004 lacked consistent presence of H-
pressure systems. However, under these conditions, CS surprisingly observed the 
seasonal maximum mixing ratio of 111 ppbv, more than 20 ppbv higher than the other 
years ranking the highest O3 episode in our 8 years of records, and it was the third highest 
event at TF (Table 1.1). The event was short, only lasting one day. 
3.2.1 Influence of stratospheric subsidence 
The average meteorological patterns for July 2004 showed a deep trough covering 
the middle and eastern U.S. (Figure 1.2). Dynamically, the deep trough induces a 
descending air motion on its trailing side. In the upper troposphere it usually causes 
tropopause folding with stratospheric air mixing downward into the troposphere. The 
physical characteristics of stratospheric air are its dry low water vapor nature with high 
potential vorticity (PV). Values of PV in the troposphere are usually less than 1.5 PV (1 
PV = 10"6 m2 s'1 K kg"1). We used NCEP 2.5° x 2.5° data 
(http://dss.ucar.edu/datasets/ds090.0) to examine the PV patterns during the time period 
of interest. On July 20 the highest PV areas were found over Hudson Bay (>2.6 PV), the 
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Great Lakes (2.2-2.4 PV), and western New York State (2-2.4 PV). The next day high PV 
areas extended from eastern Canada along the coastline of ME down to NJ (Figure 1.13, 
top). The highest PV values (>2.6) were present over the DE coastal region. As the areas 
of enhanced PV moved eastward, values along the coastline of ME to NJ and to southern 
CT remained greater than 1.6 PV. The highest PV values ranged over 2.2-2.4 on July 22, 
and were located just south of Rhode Island. This pattern of PV indicates that southern 
Canada and the northeastern U.S. coastline could potentially be affected by stratospheric 
subsidence and its associated higher O3 mixing ratios. The NCEP 1° x 1° data showed a 
lower tropopause height from the Great Lakes to the east coast (Figure 1.14 top), which 
was consistent with the low-pressure system located in the Great Lakes (Figure 1.2), and 
had the positive anomaly (which was calculated by subtracting the climatology data of 
1979-1995) of tropopause pressure (lower tropopause height) during 19-22 July (Figure 
1.14, bottom panel). 
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Figure 1.13. (Top) The NCEP 2.5x2.5° Potential Vorticity (PV) at 300 mb on July 
20 - 22, 2004. The shaded interval is 0.2 PV. (Bottom) NCEP 1x1° Total column 
ozone (Dobson) on July 20 - 22, 2004. The interval is 5 Dobson Units. 
2004 0720 PV an 300mb __ 2004 0721 PV on 300mb 2004 0722 PV on SOOmb 
< r ~ — t a r s i i ftgifeg i i i r. •-. Nw:asgn—^-
0 2 0 4 0 6 0 8 1 12 14 16 18 2 2 2 2 4 2 6 
2004072O18 Total Column Ozone [Dobson] 2004072118 Total Column Ozone [Dobson] 2004072218 Total Column Ozone [Dobson] 
310 315 320 326 330 336 340 346 350 355 360 365 370 375 3B0 
28 
Figure 1.14. (Top) The NCEP 1 ° xl° tropopause pressure on July 21, 
2004. (Bottom) The 4-day anomaly (which was calculated by subtracting 
the climatology data of 1979-1995) of tropopause pressure from NCEP 
daily analysis data. The Northeast showed the positive anomaly of 
tropopause pressure (mean lower tropopause height) during 19-22 July 
(http://www.esrl.noaa.gov/psd/data/histdata/). 
Tropopause Pressure 20040721 
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Furthermore, total column O3 (in Dobson Units, 1 DU = 2.69 x 10 cm") from 
the NCEP 1° x 1° data showed that the monthly mean for July 2004 was around 325 DU 
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along the east coast from VA to NH (Figure 1.13, bottom panel). Higher total column O3 
values (>325 DU represented in blue and red colors) were present over Hudson Bay and 
the Great Lakes area on July 20, coincided with the higher PV areas aforementioned, and 
followed the same evolutionary patterns as PV during July 20-22. During this time 
period total column O3 values had -15 DU higher than the monthly mean value for July 
in the areas of interest. 
Figure 1.15. IONs-04 Ozone vertical profiles from surface to 12 km during their 
launching days (July-August) at Narragansett, Wallops, and RH Brown. Ozone values 
>70 ppbv are shaded. X-axis: launching dates. Y-axis: altitude in km. 
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We examined 2004 vertical O3 profiles using sounding data from the IONS 
network [Thompson et al, 2007a, 2007b; Tarasick et al., 2007; Pfister et al., 2008]. 
Wallops exhibited O3 values exceeding 340 ppbv on July 21 in the upper troposphere at 
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10-12 km, while O3 was lower than 70 ppbv at altitudes below 6 km (Figure 1.15). 
Compared to other days in July and early August, July 21 had the highest O3 mixing 
ratios in the altitude bins of 0-6 km (>70 ppbv). More specifically, in the mid-troposphere 
of 4-6 km, O3 was up to 100 ppbv, which was 30 ppbv larger than other days. The 
Narragansett and Ron Brown locations also observed similar vertical patterns as found 
over Wallops. The O3 values were usually <70 ppbv at altitudes between 0-6 km, but they 
increased on July 21 and 22 by 10 - 30 ppbv. Below 1 km, O3 values were up to 90 ppbv 
at Wallops, 100 ppbv at Narragansett, and 100 ppbv at the Ron Brown. 
Evidences from the patterns and the temporal variations in PV, lower tropopause 
heights, enhancements in total column O3, and the elevated O3 vertical distributions 
suggest that stratospheric influences enhanced tropospheric O3 in Northeast coastal 
regions. 
3.2.2 Influence of mesoscale systems 
Besides stratospheric influence, regional meteorological systems could transport 
photochemically produced O3 to CS. On July 20 sea level pressure showed that a high-
pressure system formed over the Kentucky - West Virginia area. A ridge extended across 
PA and NY, with the east side connected to a shallow trough. The 950 hPa and 975 hPa 
geopotential heights (Figure 1.16) showed a short wave trough that was located along the 
coastline from VA to NH. This short wave trough was in fact the APLT. Previous 
studies had demonstrated that the APLT was connected with many high-pollution events 
in the Northeast [Pagnotti, 1987; Gaza, 1998; Seaman et al., 2000; Kleinman, 2004]. In 
this event, surface 0 3 patterns in the eastern U.S. from EPA AIRNOW showed that on 
July 20 higher O3 values (-112 ppbv) appeared in VA and on Manhattan Island (Figure 
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1.5) when the APLT was present. Before July 20 O3 mixing ratios in the Northeast were 
<80 ppbv. Values in NH, however, were still low at this time ranging from about 50 to 65 
ppbv. Over the next two days the area of elevated O3 expanded northeasterly reaching 
NH. In southern New Hampshire mixing ratios were >100 ppbv, while at CS, situated in 
central NH, O3 mixing ratios reached 111 ppbv on July 22. 
Figure 1.16. NCEP l°xl° geopotential height at 975mb (right) and 950mb 
(left) on July 20, 2004. 
SOKj 
2004072018 950mb GeoHeig 2004072018 975mb GeoHeig 
9or 
Depending on the dynamical process, the APLT forms a converge circulation at 
low altitude [Seaman et al., 2000] bringing air from the surface to higher altitudes which 
was transported via the upper air stream (here it is a southwesterly wind) to downwind 
areas. This northeastward transport is demonstrated in the 48-hr backward trajectories in 
Figure 1.17. It showed that the air pathway originated around southeastern New York and 
Connecticut and circled over CT and MA in slow upward motion moving from 400 m to 
1500 m altitude, indicating that the air masses spent ~2-days below 1500 m. Thus, once 
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the southwesterly flow passed over these high O3 regions, it could carry 03-rich air to the 
downwind regions. 
Polluted air from urban/industrial areas increased the mixing ratios of CO and 
NOy at CS. For example, ACO (A-actual observed data minus its summer average) 
increased on July 20 and kept rising over the following days (Figure 1.6). It peaked on 
July 22 when ACO = -250 ppbv. The A03 at CS (Figure 1.6) exhibited -20 ppbv values 
on July 20 and 21. On July 22, AO3 increased to 80 ppbv. The ACO and AO3 values 
showed a similar pattern over the July 20 - 22 timeframe with a correlation coefficient of 
-0.65. Other pollutants like NOy posted similarity with CO. The elevated CO and NOy at 
CS support the hypothesis of the transport influence from the urban and industrial 
pollution. Furthermore, the examination of VOCs observations during July 1 ~ August 15 
at TF showed that most of the industrial/urban tracers were present at much higher values 
on July 22 than their average and median values (Table 1.2). For instance, C2CI4 is the 
tracer of industrial/urban areas and its average value of July 22 (73 pptv) was three times 
more than its monthly average (22 pptv from July 1 to Aug 15). The common combustion 
tracer ethyne also showed 677 pptv on July 22 compared to its monthly average of 289 
pptv. Moreover, the vehicle emission tracers of acetone, benzene, and toluene at least 
doubled their values above their monthly average values (Table 1.2). From the enhanced 
chemical observations and the 48-hour backward trajectories, we suggest that the APLT 
played an important role in transporting air from the urban/industrial areas northeasterly 
toward NH. 
33 
Figure 1.17. 48-hour Backward trajectories from NOAA HYSPLIT model starting 
at CS. The starting altitude 400 m is in red, 800 m in blue, and 1300 m in green 
NOAA HYSPLIT MODEL 
Backward trajectories ending at 2200 UTC 22 Jul 04 
EDAS Meteorological Data 
Job ID 374226 Job Start Fri May 1 20 45 07 GMT 2009 
Source 1 lal 4373 Ion 7133 hgts 400 600 1300 mAGL 
Trajectory D ection Backward Duraton 46 h s MeteoDala EDAS40 
VertcalMot on Calculation Method Model Vertical Velocity 
Produced w lh H YSPUT from the NOAA ARL Website ihttp www arl noaa gov ready ) 
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Table 1.2. VOC measurements at TF in 2004. The statistic values include the 
maximum on 7/22 (1st column), the averages on 7/22 (2st column), the averages during 



































































































































































































3.2.3 Comparison of the Four Highest O3 Episodes 
Comparing the four highest O3 events at CS, the PV values, the total column O3, 
and the geopotential height at 975 hPa are presented in Figure 1.18. Values of PV (Figure 
1.18 top) and the total column O3 (Figure 1.18 middle panel) in the area around NH 
showed that 2004 had the highest values, which indicated CS during the 2004 episode 
was under the strongest stratospheric influence. Moreover, in the low-troposphere, the 
geopotential height (Figure 1.18, bottom panel) of these four events showed that the 
APLT only occurred in 2004. The event in 2004 was the only year having O3 values >100 
ppbv along with higher PV and total column O3 (Table 1.3). These suggest that the 
highest O3 episode at CS in 2004 was a unique case; its occurrence was a result of two 
mechanisms: stratospheric intrusion and mesoscale transport of the APLT. 
Table 1.3. The four highest O3 episodes at CS: 2004 was the highest event with 
the only one year with O3 > 100 ppbv; 2005 was the second highest event; 2003 
was third and 2002 was fourth. Values of PV and total O3 column were obtained 
from Figure 18 (top and middle panels) in the area over NH. The index in the 
column APLT: "-" means no APLT; "+" means having an APLT. They were 



























Figure 1.18. (Top panel) The NCEP 2.5x2.5° Potential Vorticity (PV) at 300 mb 
for the four highest events. Images from left to right represent years from 2002 to 
2005. The shaded interval is 0.2 PV. (Middle panel) NCEP l°x 1° total column 0 3 
(in Dobson units) values are listed from 2002 (right) to 2005 (left). The interval is 
5 Dobson Units. (Bottom panel) The NCEP l°xl° geopotential height at 975mb 
during the years of interest. A trough was present along the eastern coast in 2004. 
4 Conclusions 
This paper presents an analysis of meteorological processes on the synoptic and 
mesoscale for 10 - 15 August 2002 at TF (151 ppbv) and 22 July 2004 at CS (11 lppbv) 
with record-high 0 3 mixing ratios. The 2002 episode was a typical high 0 3 event with an 
H-pressure system stagnant over the Northeast for an unusually extended period. The 
2004 episode occurred as a result of stratospheric influence and impact from the APLT. 
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In general, synoptic systems controlled the overall transport patterns of the events, while 
mesoscale systems played a crucial role in determining the timing and the magnitude of 
the O3 peaks. 
The H-pressure synoptic system situated over the eastern U.S. dominated the 
majority of elevated-03 distributions in the 2002 case. The regional build-up of air 
pollutants was observed by nighttime measurements at CS, where O3 increased from 27 
ppbv on August 10 to 75 ppbv in the early morning on August 15. The mesoscale LLJ 
characteristics were identified using horizontal maps and radar vertical wind observations 
in the Northeast corridor. The enhanced mixing ratio values of CO, PM2.5 and O3 also 
illustrated accumulation of polluted air masses owing to the LLJ transport from upwind 
source regions. Finally, another mesoscale mechanism associated with this case was the 
transport facilitated by the sea breeze circulation. The repeated afternoon southeasterly 
wind direction along with the timing of O3 peaks were observed at TF and Al during this 
period contributing to the occurrence of high O3 values in this episode. 
In 2004, a synoptic scale deep trough resulted in an intense stratospheric 
subsidence over the Northeastern U.S. The total O3 column increased by more than 50 
DU over Hudson Bay in Canada, and by more than 20 DU in the upper troposphere over 
the U.S. east coast. The vertical O3 distributions from ION-04 soundings showed the high 
O3 mixing ratio and dry air penetrated downward to the middle-to-lower troposphere. At 
6-12 km altitude, O3 increased from 120 ppbv to 340 ppbv. At the altitude of 0-6 km, O3 
increased by at least 10-30 ppbv during episode days. Thus, combining meteorological 
patterns, sounding measurements, and the backward trajectories, we suggest that 
stratospheric subsidence contributed directly to high O3 levels in the Northeast. 
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Second mechanism important to this event was mesoscale transport related to the 
APLT. The meteorological features of the APLT were present in the lower troposphere 
on July 20. Backward trajectories initiated at the height of 400 m to 1500 m showed 
airflow caused by the lee-side-trough, which was upward motion and northeastward 
transport toward NH. Moreover, the elevated pollutants, like CO, NOy, and some 
urban/industrial VOCs tracers at CS and TF supported the influence from urban and 
industrial areas. 
This study suggested the very different meteorological conditions and multi-scale 
dynamic systems resulting in two severe O3 episodes at rural sites of southern NH. 
Meteorology played a crucial role in determining air quality in the region. Further 
understanding of the meteorological processes is an important step to improve the skill in 
model simulations, which include in predicting air quality and capturing severe episodes 
on either the short term or on climatic scales. 
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Chapter III. 
Decadal Ozone Trends At Rural Sites In New England 
U.S.A. 
1. Introduction 
Tropospheric O3 is one of the six criteria pollutants defined by Environmental 
Protection Agency (EPA), and it is considered harmful to plants and human health. 
Ground-level O3 formation is dependent on a series of complex chemical reactions 
involving nitrogen oxides (NOx) and volatile organic compounds (VOCs), and is 
sensitive to meteorological conditions and climate change in a long run. 
Seasonal O3 trends have been reported in various geographical regions [Lefohn et 
al., 2008; Oltmans et al., 2008]. Girgzdiene et al. [2007] showed decreasing trends in the 
monthly 95th percentile of O3 values in the rural areas of Lithuania during the warm 
period (Apirl-September) in 1994-2004 and increasing trends in the 25th percentile during 
the cold period (October-March). Similar results were observed in other regions of 
Europe [Beilke and Wallasch, 2000; Roemer, 2001]. Lefohn et al. [2008] found steeper 
decline trends in the annual 2nd highest 1-hour average O3 values and the annual 4th 
highest daily maximum 8-h average O3 values in the southern California. Cynthis et al., 
[2000] examined long-term surface O3 mixing ratios over the United States from 1980 to 
1998 and concluded that the O3 in the high-end of the probability distribution had 
decreased but it had increased in the low-end distribution. This study emphasized that it 
is necessary to divide O3 mixing ratios into different level groups to obtain a better 
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evaluation of O3 trends. Oltmans et al. [2008] found increases in hourly surface O3 
mixing ratios in autumn and winter at Mauna Loa Observatory in Hawaii with the largest 
changes in September and October, and suggested varying dominant factors in different 
seasons that influence the O3 distribution. 
A considerable amount of literature has been published showing higher O3 mixing 
ratios with the changing climate [Bell et al., 2007; Jacob et al., 2009, Bloomer et al., 2009, 
2010]. In Europe, decreasing trends of peak O3 mixing ratios in rural areas were recorded 
for 15 years after 1980 [Monks et al., 2003]. In the United States, the Environmental 
Protection Agency (EPA) reported that the annual 4th maximum 8-hour average O3 
values had decreased 14% from 1990 to 2008 based on analysis of measurement data 
from 547 monitoring sites. 
In examining the individual impact of the environmental parameters on O3 trends, 
previous studies found that temperature was strongly correlated with O3 mixing ratios on 
a day-to-day basis [Wolff and Lioy, 1978; Clark and Karl, 1982; NRC, 1991; Camalier et 
al., 2007; Chan, 2009; Jacob et al., 2009]. One of the reasons for such correlation is that 
warmer conditions usually occurred together with clear skies and calm boundary layer 
conditions, which enhances photochemistry reactions and promotes stagnant conditions 
[Jacob et al., 1993; Olszyna et al., 1997; Smith and Adamski, 1998]. Other 
meteorological variables associated with O3 trends include solar radiation, relative 
humidity, mixing depths, wind direction and speed, and cyclone frequency [Fiore et al., 
2002; Mickley et al., 2004; Wang et al., 2006; Leibensperger et al., 2008; Dawson et al., 
2009, Dawson et al., 2009; Jacob et al., 2009]. In the eastern United States, the frequency 
of frontal passages was the major agent controlling the duration and stagnation of 
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pollution episodes [Mickley et al., 2004; Forkel and Knoche, 2006; Murazaki and Hess, 
2006; Wu et al., 2008a, Leibensperger et al 2008; Mao et al., 2010]. Climatological data 
from 1950-2000 indicated decreasing numbers of mid-latitude cyclones [Zishka and 
Smith, 1980; McCabe et al., 2001], and similarly the decreasing trend of cyclone 
occurrence in summertime eastern North America from NCEP/NCAR Reanalysis data 
during 1980-2006 [Leibensperger et al 2008]. 
However, few studies examined O3 trends and their causal mechanisms in New 
England. In the rural areas of New England, most O3 episodes are associated with clear 
skies, high temperature, and typical regional transport mechanisms [Mao and Talbot, 
2004; Hegarty et al., 2007]. Recently, Jacob et al. [2009] used a chemical transport model 
to demonstrate increasing regional stagnation and higher temperatures consistently result 
in increased O3 mixing ratios in the Northeastern United States. The study of Lai et al. 
[2011] showed that meteorological conditions had strong influence on the magnitude and 
timing of O3 episodes individually in the Northeast. The objective of this study was to 
determine if there are distinct O3 trends during the last decade using the long-term 
AIRMAP measurement data, and analysis of the environmental factors in the region 
provided insights on potential driving mechanisms for such trends in rural New England 
during the most recent decade. 
2. Data and Methodology 
Ozone data were obtained from two AIRMAP sites, Thompson Farm (TF) and 
Castle Springs (CS), with 1-min time resolution starting from 2001 (available at 
http://airmap.unh.edu/). Thompson Farm (TF) is located in southeastern NH, 20 km 
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inland (43.11° N, 70.95° W), at 24 m above sea level. Castle Springs (CS) (43.75° N, 
71.35° W) is located north of TF at 406 m elevation (Fig. 2.1). Detailed information on 
the AIRMAP measurements was provided in Mao and Talbot [2004] and Talbot et al. 
[2005]. For this study, five-minute averaged data were used. 
A high O3 day (O3 episode) is defined as one with its daily 8-hour average 
maximum (D8HAM) greater than 75 ppbv, according to the new revised standard by 
EPA in September 2011. This study also employed metrics including monthly 75 and 
25l percentiles, median, and mean mixing ratios as well as the maximum O3 mixing ratio 
over the entire observational period. Meanwhile, the annual mean daily maximum was 
defined by averaging the daily maximum 1-hour O3 mixing ratio. Then, the yearly low-
th 
and mid-03 were calculated by averaging the monthly 25 percentiles and monthly 
median values. The whole dataset was divided into daytime (10-23 UTC) and nighttime 
(0-9 UTC) subsets for analysis. For our seasonal analysis, March to May is defined as 
spring, June to September as summer, December, January, and February as winter. The 
warm season spans March to September. Since observations commenced at TF in June 
2001, 10 summers (2001-2010) of data, nine springs and winters (2002-2010) were 
considered in our analysis for TF. Observations at CS started in July 2001 and ended in 
May 2008, and hence there were seven springs (2002-2008), seven summers (2001-2007), 
and six winters (2002-2007) for CS. 
Environmental factors including temperature, precipitation, and meteorological 
patterns were used in analysis. The 2001-2010 decadal temperature and precipitation 
data in the Northeast region were obtained from the NOAA National Climatic Data 
Center (http://www.ncdc.noaa.gov/temp-and-precip/time-series/). The variables of sea 
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Figure 2.1. AIRMAP observation locations. Ozone measurements 
at Thompson Farm (TF) and Castle Springs (CS) were utilized in 
this paper. Locations map were from: http://airmap.unh.edu/data/ 
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3. Results and Discussions 
3.1 General Patterns 
3.11 Overall Diurnal and Seasonal Cycles 
Monthly variations 
were considered as the seasonal 
cycles (abscissa) while hourly 
variations were considered as 
diurnal cycles (ordinate). At TF 
the highest O3 values (45-
50ppbv) appeared during two Q 
time windows (Fig. 2.2), 16:00 
- 22:00 UTC (12:00 - 18:00 
local time) in April (spring), '° 
and 18:00 - 20:00 UTC (14:00 
- 16:00 local time) in July 
(summer). Furthermore, there 
were ten hours (14:00 - 24:00 
UTC) with O3 mixing ratios in 
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Figure 2.2. The averaged diurnal and seasonal 
O3 cycles of the entire observations at TF (top), 
April, but the number of hours
 and C S (bottom). X-axis presents months from 
January to December. Y-axis is time in UTC 
from 00:00 to 23:00 UTC. Shaded areas are 0 3 
mixing ratios in 5 ppbv intervals. 
with same magnitude of O3 
shortened to five hours (15:00 -
45 
20:00 UTC) in August. The lowest O3 values (10 - 15 ppbv) appeared at nighttime in 
September between 5 - 1 1 UTC. Ozone lost 30 - 35 ppbv during nighttime. Occurrence 
of low O3 mixing ratios (10 - 15 ppbv) started in July and ended in October. During the 
cold months, O3 mixing rations were between 15-25 ppbv at night. 
Similar diurnal and seasonal patterns were observed at CS (Fig. 2.2). Higher O3 
values (45 - 50 ppbv) were in April between 17:00 and 23:00 UTC. Going from spring to 
winter, the hours of high O3 values were shortened. During the colder months, O3 values 
showed little diurnal variation remaining in the range of 25 to 30 ppbv. In addition, the 
nighttime O3 mixing ratio did not decrease as much as at TF due to the higher elevation 
of this site (406 meter) which is usually above the nighttime boundary layer. Generally, 
the spring season (especially in April) experienced higher O3 levels than other seasons at 
both TF and CS. 
3.12 Overall Variations in monthly 25th, median, 75th, mean, and maximum levels of 
O3 
To characterize variations in O3 levels we examined five metrics, namely the 
monthly average, median, 25th and 75th percentile, and maximum values, of the whole 
data set. Fig. 2.3 was found that the patterns of variation in the mean, median, 25l , and 
75th values were similar. More specifically, their peak values all occurred in April 
(spring). However, the monthly maximum varied differently from the other four metrics. 
At TF the annual peak of monthly maximums occurred in August with a value of 151 
ppbv, and at CS in July with 111 ppbv (Lai et al., 2011). 
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Summer is known for 
a season with meteorological 
conditions conducive to 
elevated O3 mixing rations, 
such as strong sunlight and 
high temperature. The 
phenomenon of high average 
O3 mixing ratios in spring is 
a common characteristic at 
mid-latitudes in the Northern 
Hemisphere (Oltmans and 
Levy II, 1994; Sunwoo et al., 
1994; Fishman and Brackett 
1997; Monks 2000) resulting 
from stratospheric intrusion 
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Figure 2.3. The overall monthly average (black solid 
line), median (green long dash line), 25th (blue short 
dash line), 75th (pink dot line), and maximum (red in 
1985; Logan, 1985; Moody dash-dot line) mixing ratios of O3 at TF (top) and CS 
(bottom). X-axis is month. Y-axis is O3 mixing ratio 
et al., 1995; Oltmans et al, in ppbv. 
1996) and photochemical production (Oltmans and Levy II, 1994; Kajii et al., 1998; 
Pochanart et al., 1999; Derwent et al., 1998). 
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3.2 Ozone Trends in the Day- and Nighttime Decadal Data 
The decadal seasonal 
O3 trends at TF and CS were 
examined in this section. 
Data were separated into 
day- (10:00 - 23:00 UTC) 
and nighttime (00:00 - 09:00 
UTC) groups. 
At CS, both day- and 
nighttime data in spring 
exhibited an increasing trend, 
around +0.7 ppbv per year 
(Fig. 2.4). Daytime 0 3 
mixing ratios varied between 
37 ppbv (in 2002) to 46 ppbv 
(in 2005). Spring 2005 
experienced the highest O3 
values with 10 and 8 ppqv 
anomalies during day- and 
nighttime, respectively, as 
shown in Fig. 2.6(b) The 
anomalies were calculated 
by observations in each year 
50 
45 
CS SpririR (March-May) 
y =0.6897*- 1340.7 // ~^\ 
/• >*, .•-•?7 . . - - - - - • -










CS Summer (Jun-Sep) -day 
-night 
y=-0.3882*+ 813.9 
/ / \ 
/ / 
• - - - - - • / / 
y-•O.4237x + 884.0(j 
'A 








CS Wintcr( Dec,Jan.Fcb) 
/ - \ 
~day 
-niaht 
\ y-0 .05911 -87.09 \ 
- - \ - - • 
/ 
/•/• 
y = -0.0697n 170.29 
2002 2003 2004 2005 2006 2007 
Figure 2.4. Day- (red) and nighttime (green) O3 
mixing ratios at CS in spring (top), summer (middle), 
and winter (bottom). Dashed lines represent the trends. 
X-axis is year and y-axis is O3 mixing ratio in ppbv 
48 
minus the 7-year average. In 
summer (Fig. 2.4), both day- and 
nighttime data showed a 
decreasing trend at a rate of-0.4 
ppbv per year. The average 
daytime O3 values in summer 
ranged from 33 ppbv in 2006 to 
41 ppbv in 2003, lower than in 
spring. Summer 2003 exhibited 
the overall highest O3 mixing 
ratios with an anomaly of 10 
ppbv at night and 8 ppbv during 
the day (Fig. 2.6b). The 
wintertime trend varied little 
TF Spriiw (March-May) 
-"•- day 
-*—night 
y =0.9263* - 1818.5 
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2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 
TF winter(Dec.,Jan.,Feb.) 
y =0.7673* 1510.8 
- day 
night 
y 0.8955* 1771.1 
(Fig. 2.4). Winter 2003 had the 
highest winter average with 
anomalies of 2 - 4 ppbv. 
At TF, day- and 
nighttime O3 levels in spring 
increased at the rates of of 0.9 
and 0.8 ppbv per year, 
respectively (Fig. 2.5). Spring 2002 had the lowest O3 of all years studied. In the whole 
spring dataset, daytime O3 mixing ratios ranged from 35 ppbv to 42 ppbv. Furthermore, 
0 
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 
Figure 2.5. Same as Figure 2.4 but for 
TF. 
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daytime values were 7 ppbv on average higher than nighttime values during the study 
period. In contrast to winter and spring, the O3 trend in summer showed a decline at a rate 
of 0.2 ppbv per year. In summer, the differences between daytime and nighttime values 
were dramatically large, reaching -13 ppbv on average in the ten summer seasons. 
Wintertime O3 exhibited rising trends of 0.8 and 0.9 ppbv per year in day- and nighttime, 
respectively. Winter and spring 2002 had the lowest O3 of all years with anomalies of-4 
to -8 ppbv (Fig. 2.6a). Moreover, the highest winter O3 levels were observed in 2010 
with anomalies of+4 to +8 ppbv (Fig. 2.6a). The difference between day- and nighttime 
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Figure 2.6. Ozone bias values (i.e. O3 observations in each year minus the 
average value of the entire dataset) at TF (top) from 2002 - 2010 and at CS 
(bottom) from 2002 to 2007. X-axis is month and Y-axis is time in UTC from 
00:00 to 23:00 UTC. Shaded areas are 03-bias values in 2 ppbv intervals. 
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3.3 Trends in High O3 Levels 
3.3.1 Daily Maximum 
Trends of 1-hour 
average daily 
maximums at TF 
and CS were 
examined for 
spring, summer, 
and winter, as 
shown in Fig. 2.7. 
In spring, both 
sites showed 
increasing trends 
in annual mean 
daily maximums, 
with a rate of 
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 
60 CS, 03 Daily Max" 
y = 0.7303*- 1414.7 
2001 2002 2003 2004 2005 2006 2007 2008 
0.97 ppbv per Figure 2.7. Annual mean daily maximums of O3 levels at TF 
(top) and CS (bottom) in spring (green), summer (red), and 
year at TF and winter (blue). Thin solid line is trend in each season. X-axis is 
year. Y-axis is O3 mixing ratio in ppbv. 
0.73 ppbv per 
year at CS. In summer, both sites showed decreasing trends with a rate of 0.49 and 0.18 
ppbv per year at TF and CS, respectively. For winters 2002-2010, an increasing trend of 
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+0.6 ppbv per year was found at TF compared to little variation at CS. The greatest daily 
maximum (38 ppbv) in winter at CS occurred in 2003. 
3.3.2 Episodes (D8HAM>75 ppbv) 
Fig. 2.8 presents the trends of O3 episode days during the warm season (spring 
and summer) at TF. The number of O3 episode days during the warm season was 
decreasing at a rate of about one day per year. A closer examination reveals a slight 
increasing trend in the number of O3 episode days in spring whereas a decreasing trend at 
a rate of one day per year in summer. Ozone episodes largely occurred in summer. 
Figure 2.8. The number of O3 episode days each year at TF in spring (green), summer 
(red), and the warm season (i.e. spring and summer) (black). Solid lines were days of O3 
episode each year. Dash lines were the first-order trends in each season. X-axis is year. 
Y-axis is the number of O3 episode days. 
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3.4 Trends in low and medium O3 levels 
The variations of yearly low O3 are shown in Fig. 2.9. In spring, there was an 
increasing trend in low-level O3 with a rate of 0.8 ppbv per year at TF and 0.5 ppbv per 
year at CS. The increase also occurred in winter, especially at TF. In winter the trend in 
low-level O3 at TF increased at a rate of around 1 ppbv per year and 0.27 ppbv per year at 
CS. In summer, low-level O3 at TF and CS showed small decreasing trends. The slightly 
Figure 2.9. Same as Figure 7 but for low O3 (25 percentile) mixing ratios. 
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decreasing rate at TF was near zero, but at CS it was 0.45 ppbv per year. In addition, it 
should be noted that values of low-level O3 in spring were higher than those in other 
seasons at both sites. Summer observed the lowest values of low-level O3, which was 12 
ppbv in 2006 to 19 ppbv in 2010 at TF. 
Seasonal trends in medium O3 levels are presented in Fig. 2.10. The trends in 
spring were +0.75 and +0.61 ppbv per year at TF and CS, respectively. In winter, TF 
observed an increasing trend of+0.81 ppbv per year, butCS did not show clear variation 
(slope was near zero). In summer, only CS had a noticeable decreasing trend (-0.4 ppbv 
per year) and its medium levels peaked (39 ppbv) in 2003. TF exhibited slight variation 
in medium O3 levels in summer and low values in the three seasons (24 ppbv in 2006 to 
29 ppbv in 2010). 
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Our trends in low O3 levels are in agreement with those in Europe (Beilke and 
Wallasch, 2000; Roemer, 2001), on the west coast of North America (Jaffe et al., 2003; 
Jaffe and Ray, 2007), and for rural sites compiled by EPA observations in the contiguous 
United States (Cynthia et al., 2000). Furthermore, our O3 trends in summer were usually 
negative and insignificant. Derwent et al. (2007) suggested that their seasonal average O3 
mixing ratios exhibited stronger increasing trends in winter and spring and weaker trends 
in summer over 20 years of observations. In addition, our trends in high O3 levels showed 
Figure 2.10. Same as Figure 7 but for medium O3 mixing ratios. 
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seasonal differences, which was increasing in spring and winter, and decreasing in 
summer. However, other studies only found decreasing trends in high O3 levels at 
locations in Europe and the US (Beilke and Wallasch, 2000; Cynthis et al., 2000; Roemer, 
2001; Lefohn etal., 2008). 
Recent studies found increasing trends of 0.5 ppbv per year in the annual mean O3 
mixing ratios at Mace Head in the time period 1987 - 2006 and at North American west 
coast in the period 1978 - 2007, respectively (Monks et al., 2009; Parrish et al., 2009). 
Carslaw (2005) suggested an increasing trend of 0.18+0.04 ppbv per year at Mace Head, 
Ireland from 1990-2004. Jaffe et al (2003) showed +0.5 to +0.8 ppbv per year at sites 
along the Pacific coast of North America. Jaffe and Ray (2007) illustrated a smaller 
increasing O3 trends in the range of 0.19-0.51 ppbv per year at 11 rural sites in the north 
and western U.S. for the period of 1987-2004. In Europe, Derwent et al. (2007) reported 
the positive annual mean O3 trend of 0.31+0.12 ppbv per year over 20-years (1987-2007) 
at Mace Head, Ireland. In comparison, our trends at TF were close to the findings from 
Jaffe et al. (2003). 
3.5 Climatological Analysis 
Displayed in Fig. 2.11 is seasonal average temperature for spring, summer, and 
winter during the decade of 2001 - 2010 in New Hampshire. These data show that 
seasonal average temperature in spring increased by 2.8 °F and 0.6 °F in spring and winter, 
respectively while decreased by 1.3°F in summer during the decade. The seasonal 
average temperature and trends in New Hampshire and the Northeast region are 
summarized in Table 2.1. Spring showed the most noticeable warming trend. During the 
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2001-2010 decade precipitation in New Hampshire (Table 2.2) showed that spring (+1.68 
inches), summer (+5.62 inches), and winter (+5.08 inch) were receiving more rainfall. 
The increases over the years were more pronounced in summer and winter than in spring. 
However, precipitation in the whole Northeast showed a slight decrease over the decade 
in spring. There were also increasing trends in summer and winter in the Northeast. 
During the 2001-2010 decade, the Northeastern US was becoming wetter and warmer 
weather. According to IPCC (2007), eastern North America had become significantly 
wetter from 1900 to 2005. The trends in temperature and precipitation together with 
surface O3 levels (Table 2.3 and 2.4) suggested warmer springs and winters with 
increased O3, and wetter summers with slightly decreased O3 during the 2001-2010 
decade. 
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Figure 2.11. Seasonal average temperatures during the decade of 2001 - 2010 in New 
Hampshire (NH) in spring (top), summer (middle), and winter (bottom). Dash lines are 
the first-order trends. Data was obtained from NOAA National Climatic Data Center 
(http://www.ncdc.noaa.gov/temp-and-precip/time-series/). 
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Table 2.1. The seasonal mean temperatures (second column, in °F unit) and the 
trends (third column, in °F/Decade unit) in New Hampshire (top), and 
Northeast region (bottom) from 2001 to 2010. Data was obtained from NOAA 



























Table 2.2. The seasonal averaged precipitations (second column, in inch unit) 
and the trends (third column, in inch/decade unit) in New Hampshire (top), and 
Northeast region (bottom) from 2001 to 2010. Data was obtained from NOAA 
National Climatic Data Center (http://www.ncdc.noaa.gov/temp-and-
precip/time-series/). 


























Table 2.3. The seasonal and diurnal O3 trend slopes at TF and CS. We divided 
0 3 in daytime (10-23 UTC) and nighttime (0-9 UTC). Slop is in ppbv/year 
unit. 





















Table 2.4. The seasonal O3 trends in the level of daily-maximum, medium, 
and the I0W-O3. Slopes at TF and CS were present in ppbv/year unit. If a 
trend didn't show a clear variation, we mark it as "~0" 


































The annual mean sea level pressure for June to September (summer) is presented 
in Fig. 2.12. It showed that the 1016 hPa contour was much further onshore in 2002 than 
in other years. The strongest Bermuda High clearly occurred in 2002, and then it 
weakened in the following summers. Hegarty et al. (2007) categorized five common 
synoptic scale circulation patterns and concluded that O3 episodes in summer over the 
Northeast were mostly associated with the Bermuda High. The decreasing O3 episode 
days and O3 mixing ratios in summer coincided with the diminishing Bermuda High in 
the period 2001-2010. 
For the variations in the upper troposphere, we examined the tropopause pressure 
anomalies (by subtracting the climatology values of the period 1979 - 1995) for March to 
May (spring) from 2001 to 2010 in Fig. 2.13. The highest positive anomalies around the 
New England area in 2005, which was more likely the result of enhanced stratospheric 
intrusions than in other years. Comparing the O3 anomalies at CS (Fig. 2.6b), the highest 
positive O3 anomalies in spring were shown in 2005. Similarly the positive 0 3 anomalies 
in 2006 spring were connected with the positive tropopause anomalies. 
We utilized the radiation observations from 2002 to 2010 at two measurement 
sites in NH, (43.17 °N, -70.93 °W) and (43.11 °N, -70.95 °W). Fig. 2.14 is the average 
seasonal summation by these observations. It shows that the total radiation in spring 
presents a clear increasing trend while trends in summer and winter were barely 
noticeable. This result indicates that the total solar radiation in spring has increased over 
the last decade, and may be causing increased O3 mixing ratios in this season. 
We hypothesize that during the past decade the effect of rising temperature and 
solar radiation in spring may dominate over that of increasing precipitation, which tends 
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to impede O3 formation as suggested by Murazaki and Hess (2006), resulting in enhanced 
O3 production. In addition, stratospheric intrusions likely increased O3 amounts at low 
altitude in some years. The increasing trend in wintertime O3 was linked to warming 
temperatures. In summer, the increasing precipitation, cooling temperature tends, and the 
decreasing strength of the Bermuda High may be associated with decreased O3 
production and subsequently the decreasing trends in O3 levels. 
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Figure 2.12. NCEP reanalysis mean sea level pressure for June-September 
(summer) from 2001 to 2010. Shaded are values between 1010 to 1020 mb in 
1 mb interval, (http://www.esrl.noaa.gov/psd/) 
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Figure 2.13. NCEP reanalysis tropopause pressure anomalies (subtracting 
the climatology value in the period of 1979-1995) for March - May (spring) 
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Figure. 2.14. The seasonal solar radiation summation in spring (green line, March 1 to 
May 31), in summer (red line, June 1 to September 30) and winter (blue line, Dec. 1 to 
Feb 28). Values were the average of 2 sites (43.17 °N, -70.93 °W) and (43.11 °N, -70.95 
°W) in Durham, NH. Y-axis is radiation in Watts/M2. 
4 Conclusions 
Our study suggested that O3 trends at the New England rural sites were in 
agreement, or in some cases higher than those founds in Europe, on the Pacific coast of 
North America, and in the north and western U.S. from previous studies. Main findings 
are summarized as follows: 
• The overall O3 seasonal and diurnal patterns over the past decade presented the highest 
O3 mixing ratios occurred during spring (April) daytime hours. The highest episode was 
in summer (June to September). Diurnal patterns suggested that O3 was reduced to its 
lowest mixing ratios in summer. The strongest O3 depletion occurred in September at TF. 
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• Seasonal average daytime O3 mixing ratios increased by -0.9 ppbv per year in spring 
and by ~0.8 ppbv per year in winter, while decreased by -0.2 ppbv per year in summer. 
The increasing O3 values in winter and spring were coincided with warmer temperatures. 
• The total numbers of high-03 days showed a downward trend about one day per year 
during the warm season (March to September). The numbers of episodes in summer was 
decreasing with the similar rate in the warm season. On the other hand, springtime O3 
showed a slightly increasing trend in its number of high O3 days during 2001-2010. The 
total number of yearly O3 episodes were mainly dominated by summer. 
• The trends of the low-, medium-, and the daily maximum of O3 at TF were increasing 
in both spring and winter with rates between 0.6-to-l.l ppbv per year. Summer observed 
decreasing trend in the daily maximum mixing ration in the rate of-0.5 ppbv per year, 
but did not have obvious changes in the low- and medium- O3. CS observed the 
increasing trend in spring in the low-, medium-, and the daily maximum O3 with rates 
between 0.5-to-0.7 ppbv per year. In summer, trends in three levels of O3 were all 
decreasing at CS. 
• The high-03 mixing ratios and numbers of 03-episode both decreased in summer, but 
increased in spring. 
• These two meteorological (temperature and precipitation) factors indicated a warmer 
and wetter weather occurred in the past decade. The increasing solar radiation may be 
enhancing O3 formation in spring. The significant rising precipitation and cooling 
temperature in summer was coincident with the decreasing O3 trends. 
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• Overall, O3 and temperature trends both demonstrated seasonal differences with the 
strong increasing trends in spring and winter during 2001-2010. However there were 
decreasing trends in episodes and O3 mixing ratios in summer. 
• The variations of meteorological pattern indicated the weakening Bermuda High in 
summer was connected with the decreasing O3 trends. Stratospheric intrusions may 




The first work presents an analysis of the influence of meteorological processes 
on two highest O3 episodes in the rural sites of New England. Results demonstrate that 
multi-scale meteorological systems were significant crucial to local air quality. The 
typical synoptic high-pressure systems in the eastern U.S. controlled the majority of 
elevated-03 distributions in the 14 August 2002 episode. The impact of synoptic high 
pressure on the accumulation of pollutant was observed by nighttime measurements at CS. 
Meanwhile, the feathers of the mesoscale LLJ were observed in the vertical radar wind 
profiles. Then, the enhanced mixing ratios of CO, PM2.5 and O3 illustrated the LLJ 
transport from upwind source regions. In addition, sea breeze transport was identified by 
the repeated afternoon southeasterly wind direction along with the timing of O3 peaks at 
TF and Al during the event days. 
My first study also presented a rare O3 episode which was driven by the synoptic 
scale influence of stratosphereic intrusions and the mesoscale impact of APLT transport 
in summer. Ozone mixing ratios of up to 100 ppbv for one day, and reached the highest 
record (111 ppbv) at CS on July 22. The meteorological patters showed a deep trough in 
the upper troposphere which resulted in the intense stratospheric subsidence over the 
Northeastern U.S. The stratospheric intrusion was demonstrated by the simultaneous 
enhancement in PV values and higher total O3 column. Moreover, the vertical O3 profiles 
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from IONS-04 observations displayed a clear view of elevated O3 mixing rations in the 
entire tropospheric column. Meanwhile, a mesoscale system of APLT developed and 
formed northeasterly flow along the Northeastern urban corridor. Based on the elevated 
CO, NOy, and industrial/urban tracers, and the 48-hour backward trajectories, I suggested 
that the APLT played an important role in transporting the polluted air toward NH. 
The results from my first study suggested that the very different meteorological 
conditions and multi-scale dynamic systems resulted in two severe 03 episodes at rural sites 
of southern NH. Meteorology played a crucial role in determining air quality in the region. 
Further, understanding the meteorological processes is an important step to improve our skill 
in model simulations, which include predicting air quality and capturing severe episodes on 
either the short term or on climatic scales. 
My second study presented a decadal anaqlysis of O3 trends and meteorological 
variations in the period 2001 - 2010. The overall O3 seasonal and diurnal patterns showed 
that O3 mixing ratios were higher in the springtime than in other seasons. The maximum 
O3 amounts occurred in April during daytime hours. However, the highest O3 episodes 
appeared in summer (June to September). Average diurnal patterns suggested that O3 was 
reduced to its lowest mixing ratios in summer. The strongest 0 3 depletion occurred in 
September at TF. The day- and nighttime analysis showed that daytime O3 mixing ratios 
increased by -0.9 ppbv per year in spring and by -0.8 ppbv per year in winter, while 
decreased by -0.2 ppbv per year in summer. For the trends in high O3 levels, both the 
total days of O3 episode and the daily O3 maximm mixing ratio showed the downward 
trends in summer. In addition, the daily minimum, medium, and maximum O3 mixing 
ratios were increasing in both spring and winter with rates between 0.3 and 1.1 ppbv per 
year. 
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The climatological analysis indicated that wetter and warmer weather occurred in 
the past decade. Temperature rose about 2.8 °F in spring and 0.6 °F in winter, which 
coincided with the increasing 0 3 trends in spring and winter. Meanwhile, the increasing 
amounts of solar ration in spring may promote the O3 formation. The annual mean sea 
level pressure in summer showed a weakening strength of the Bermuda High. The 
decreasing O3 trends in summer occurred concurrently with the diminishing Bermuda 
High. Moreover, the tropopause pressure anomalies suggested the highest positive O3 
anomalies in spring 2005 were likely associated with enhanced stratospheric intrusions. 
My second study presented O3 trends and the correlation between the 
meteorological changes with O3 variations. It gives the basic information in controlling 
pollutions emission and predicting future O3 trends of this region. To strengthen the 
accuracy of predicting synoptic systems, such as the location and the strength of Bermuda 
High and the movement of trough-ridge wave, may improve our ability of more accurate 
O3 simulations. 
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